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TECHNICAL NOTIE NO. 1393

*

A FLIGHD INVESTIGATION OF THE METEOROILOGICAL CONDITIONS
CONDUCIVE T0 THE FORMATION OF ICE ON AIRPLANES
By William Lewis, U.S. WeatherlBu:eau‘

SUMMARY

Data from flight measurements of the meteoroclogical factors
related to the intensity of icing conditions are presented. The
physical factors that establish the distribution of liguid water in
clouds of various types are discussed and the resulis of the analysis
are used to formulate certain rules for the forecasting of icing
intensity. The problems of determining the range of values of the
-gignificant factors defining icing intensity for the purpose of the
design of jce-protection equipment are discussed and tentative values
are given,

INTRODUCTION

Over a period of several years, the NACA hes conducted research
on the prevention of ice formations on aircraft through the use of
heat, Satisfactory wing, tail-surface, and windshield thermal lce—
prevention systems were designed, fabricated, and tested in natural
icing conditions for the Lockheed 12~4, Consolidated B~24, Boeing B-l7,
and Curtiss-Wright C-46 airplanes, (See references 1, 2, 3, and 4,
respectively.) Fach design was based on establishing, for clear-air
conditions, a surface temperature rise which experience had shown to

1This report was prepared by Mr, Lewis in collaboration with the
gtaff of the Ames Laboratory during a period of active partici~
pation by Mr. Lewis in the NACA icing research program.
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bo adodguate forr ice prevention in simulated and neturzl lcing

conditioms.

The NACA at present is engaged in an investigstion o provide
a fundementol understanding of tho process of thommal icc-prevention
in' order (i) o establish a basis for the extrapolst!sa of prosvnt
limited test data to higher speeds end various shapos, {2) to
provide data for impreving the ofriciecncy of thormal looc-prevention
equlpment, and (3} %o provido a wot=air or motuorolsogic:il basgie fop
the preparation of deaign specifiications for thermal Las-wriveniliom
oquioment., The rescaych consists of an investisation 27 tho matoor-—
ological factors conducive to lcing, and & study of il hoat—trensier
processss which govern the oporetion of thermal ilce-provention
aguipment Ior alrfoils and for windshicld coniigurrtions.

The moteorological phase of this Invesitlgaticy: consiste of tho
developncnt of Instiuvmeonts reguired for the ¢vzluetion of the critical
_ Tactors responsible Tor ico formation, and the sctual muasuremont of
these factors diring £light in icing conditions. Thosc measurc-
ments will Tumish dste cdfsblishing, for the portinont motoor—
ological variablus, the »angc of ¥eiucs commonly sncoupiursd in
lecing conditions, These datz are required as 2 dnais Jor the
definiticn of "tho physicel characioristics of the meximum icing
condition, Tor which Icu-vrovention cquipmont will b uxpected %o
provide adcquete protectivn. As e result of tuls invostigation,
scmo progress io alsc beoing mede toward a solution of tro problenms
agsociated with ths forecasting of icing conditicns.

=

o

]

Provicus »esuits of this ressarch program kave boeon presontod
in referonces 5, 6, and 7. Roforcnce 5 descridos the Tirst mozsurc—
ments in this investigation of the frec water eontont of clouds,
end T doal
atratus

TG

These wore madc by the dew-point mothod. Reforences ©
with the meteorclogical aspects of icing conditicns In
clouds znd In procipitation arcas of the warm-Troe

t
&

Rosearch on thw metscrologlcal zspocts of icing slso ase boon
conducted by various othor agenciss. Roforcmes 8 proscnts ho
rosulis o rossarch in the development of thormal dc-icing
sponsored by the Alr Materiel Command cf the Army Alr Forcss.

The Mount Washington Obscrvatcry, N. H., hes Boun cngeged for a
nuber of years in a program of wsgulsr observaticna of icing
conditions. The rosults of these cobscrvationg and various
articles and commonts on icing measurement and . lated topics

LY
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A FLIGHT INVESTIGATION OF THE METEOROLOGICAIL CONDITIONS
CONDUCIVE TO THE FORMATION OF ICE ON ATRPLANES
By William Tswis®

SUMMARY

/

‘Date from flight measurements of the meteorologlcal factors
related to the intensity of icing conditions are presented. The

- physical factors that establisgh the distribution of liquid water in

clouds of various types are discussed and the results of the analysis
are used to formulate certain .rules for the forecasting of icing
intensity. The problems of determining the range of values of the
significant factors defining icing intensity for the purpose of the
design of ice-protection equipment are discussed and tentative values .
are given.

INTRODUCTION

Over & period of several years, the NACA has conducted research
on the prevention of ice formations on aircraft through the use of
heat. Satisfactory wing, tail-surface, and windshield thermal ice—
prevention systems were designed, fabricated, and tested in natural
icing conditions for the Lockheed 12-A, Consolidated B-2L, Boeing B-17,
and Curtiss-Wright C-46 airplanes. (Ses references 1, 2, 3, and UL,
respectively). Each design was based on establwshlng, for cleaw—alr
conditions, a surface temperature rise which experlence had shown to ,

1This report was'p:éparedlby Mr. Lewis in colleboration with the
gtaff of the Ames Laboratory during a period of astive partici-—

pation by Mr. Lewis in the NACA icing research program.
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be adequate for ice prevention in simuleted and nabtural icing
conditions, ‘

The NACA at prosent is ongaged in an investigation to provide
a Tundamental understeanding of the process of thsmsl “e-prevention
in order (L } 4o egtablish & basis For the extranolation of present
limited test data to higher speefs and various shapes, {2 to
provide date for impreving tho Pfficinnry of thermal lce—prevention
cquipment, and (3) *0 provid: a wet—aiyr or metoorolcgical basis for
tire preparation of design specifications for thermal ice—gravention
quiyment. The research consiste of sn investimation of tho matecomv
oiogical facturs confucive to ’c*ng, snd a s+udy of the heat-trenalfer
Processss whick govern tho oporation of thermal ico-preventl.on
sgulpment for alrfoils and fov windshicld configurations.

rn!

The metesrological phass cof this invesitligation consists of the -
develcpitont of instrumonts roguired for the ovaluation of the oritical .
facters responsible for ice formotion,; and the cctual moasuvemsnt of
these factors Curing filght in

LW
icing conditions,., These measuro—
mente will furnish ‘data ostabliisz

g, for fhe yoriinont motoor— .
ological variables, tho rang: of valuyos commonly encountersd in
lcing condltions: These dnte are cguired as o basis for tho
definition of the physicael cheractoristics of the maximum icing
condition, for which lce—prevention cquipment will be oxpacted *o
provide adequate protection. As a result of this investigation,
soma progress is aleo being meds toward a sclution of the »robloms

aggoclated with +he forecemting of icing conditicns,

Provious rasults of this -researca progrom-kavs boen presonted
in references 5, &, and 7. Roforcnce 5 descridos the Tiret mousurc—
ments in this investigation of the Prec wator contont of clouds.
These were mads by the dow—puint mothoed. Roforences © gnd 7 doal
with the metsorological aspects of icing conditions in stratus
clouds and in precipitation areas of ths warm-front true.

~
3
ot

Rusearch cn the meteoroicgicpl asponts of icing «lsu his boon
conducted by various other agenciess. Feferumnc: 8 prescn*s tho
results of research in tho aﬁvelonncn+ of thiermal ds—icing
gponsored by tie Air Motsriel Command cf tho Aymy Alr Forces
The Mount Washington Obssrvatory, N. H., hes boon ongaged for &
nuber of years in a program of rogular obacrveiions of icing
conditions. Uho roswlis of these chsorvaiions and various
erticles and commonts on icing measurcment =nd related topics

\
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are publlshed morthly by the Obssrvetcry. The basic problems of
clovd structurs, which sre fundamental 10 an undeistonding of
the meteorclogical aspectc of icing conditions were irestsd in
a series of excellent papers by W. Findeisen which aupeared in

the Moteorologishe Zeitschrift in 1937, 1938, and 1939, Reference 9
1s a translation of one of these pepers which dsals sspocially

with the metoorology of icing conditions, Reference 10 contains

& thorough discussion of the mechanism of condensation in the
atmosphere, a svbject of primery importance in the study of icing
conditions.

In continuation of this work, tho C-4& airplene was equipped
with special meteorological and electrically heated test apparatus,
and flown in natural~lcing conditions during the winter of
194546, Flight toets wore conducted mainly along airline routes
between the clties of San Fremcisco, Calif., Portland, Oreg.,
and Denver, Cclo,

The purpose of this rsport is to present the meteorological
results of the 1945-46 winter cporations. The methods of obsorva—
tion and results obtalned are presented First.followod by a discus-
gion of the progress made thus far toward a solution of the two
major meteorological problems relating to icing conditions; namely,
the problem of forecasting the intensity of icing conditions and
the problem of defining the physiccl characteristics of the
maximm icing conditions for which ice—prevontion equipment will

be expected to provide adsguate protaction.

Appreciation is extsnded to the Army Air Forces, the U.S.
Weather Burcau, znd United Air Lincs, Inc. for their active
cooperation in tho research program. In paiticular, the sorvices
of United Air Lines Captain Carl M. Christenson, who served as
pilot of the test alrplane, contributed materially to the
investigation.

APPARATUS AND METHCD

In the investigation of the physical pPproperties of icing
conditions it is deosirsble to measure the Following quantities:
(1) free—aiv temperaturs, (2) liguid waker comtent, (3) everage
drop dlameter, (&) distribuition of drop dlametors, and (5) concentra—
tlon of ice particles. Completely satisfacteory methods of measuring

L
N
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those quantitles have not yet beeon developed. Sufficient progress
has been masde, however, to yield results which are very useful in
the meteorological analysis of icing conditions. The methods used
to measure the various quantities sre described in the following
paragraphs,

Pree-Air Temperature

Free-air temperature was measured by means of a copper—
constantan thermocouple connected to a millivolimeter. The sxposod
Junction of the thermocouple wag baffled to prevent lce formation
on the Junction and shielded to protect against radiation errors.

The installation on the airplane is shown in figure 1. The thermom—
eter was subject to kinetlc heating due to the speed of the airplenec.
A discussion of the corrections applied to the observed temperature
measurements to obtain the true temperature of the undisturbed air
will be found in the appendix of this report.

Ligquid Water Content

The rotating~cylinder method of measuring liquid watcr content
is generally regarded as being the most accurate and dependable
procedure thug far developed. (See reference 8.} A full discus—
glon of this method is given in reference 1l. Most of the rotating-
cylindor observations reported herein were mede with the manually
rotated assembly, consisting of two cylinders 1/8 and 1 inch in
diameter, shown in figure 2. Shortly before the end of the investi-
gation, tho mechanically rotated assembly shown in figure 3 was
installed. This apparatus consisted of four cylinders 1/8, 1/2,
1-1/h, and 3 inches in diameter. A discussion of the accuracy of
the water—content dete obtaincd by the rotating-cylinder technique
is included in the appendix.

Drop Size and Drop-Size Distribution

The gquantities involving drop size which are of most importance
in the study of icing condition ere the "mean-effective dismeter,”
the maximum dismeter, and the approximate volume distribution of
diameter. The mean—effective diameter, which is approximetely the
average Giameter, obtained by weighting the drops according to thelr
volume, and the volume distribution of dismeter arc defined in the
discussion of the rotating—cylinder method appearing in the appendix.
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Rotnting—cylindsr method.— Ths rotating-cylinder squipment
described ebove in connoction with the measurcmont of water content
provides date also on mesn-effoctive diemeter and drop-size distri—
bution. The two—cylinder deta fwmish values of moor—uifoctive
drop dilameter when certaln assumptions concerniniz the size distri-
bution are made, fThe four~cylinder data give somo Information on
gize distribution as well asg mean-effective dismetur. A further
discusslon of the rotating-cylinder mothed cnd an estimate of tho
accuracy of the results is included in the appondix. The methods
of calculation are presentel in roference 11. '

Arvea of catch methsd .~ The dismeters of the largesth drops
prosent in significant quantity wors Cetermined from the width of
the area of impingomont of drops on & 4—inch nonrotating cykindex
which is shown in figure %. This cylinder wes covered with blue—
Pprint papcr and oxposod briefly with its exis at right angles to
the alr stroam, Theo mothods of using the device and calculating
the maximum diametor from the avea of impingoment were as described
in reforence 6, except that the date prosonted hewvein wore calculated
from the theoretical date prosented in refercunce 11,

Concentration of Ico Particles

Satisfactory measurements cf the ico crystal content of tho
air have not been mede. This guantity has o nogligible effect
upon the rate of ice formation on unhoated surfecos but may be of
importance in dotermining the heat transfor from heatod surfaces,

RESULTS

The significant charecteristics of the various icing conditions
encolntered during the wintor are sumarized in tablo I. Each ontry
reprosents a weathor situation which was fairly homogeneous as a
whole' although the minuto-by-minute record mey have indicatod wide
variations. For example, ilcing condition 19, table I, includes
all data obtained during flight 33, although the flight was
conducted in and out of scattered cumulus and cumulcnimbus clouds in
which the conditions wore highly varilable, The average water content
shown is the unweighted mean of tho Individual measurements and, of
course, doos not include the time during which the airplone was
flying in clear alr botwoen the clouds, Minimum values of water
content wore not included, since no attempt was made to measure the
lowest values encountered. The maximum and minimum of altitude and
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temperature glven in the table ars the extremcs encountired during
the corresponding timo intorvals. Deta arc included in weble I for
nearly all the cporationc in clowds or precipitotion, although in
gome cases little or no iciug wes oxpericnced. In the case of
f£light 38, icing condition 2k represomts conditions encountered in
clouds composed predominatoly of wzteor drone, while icing ccnadition
25 represonts conditions in clouds containing mostly ice crystals.
Thesoe conditions both cover the azme tine intorval, since both kinds
of clouds were encountered from time to time throughout the poriod.

Witk the oxcoption of icing conditions 1 to k4, inclusive, the
valuecs of liquid watcr contont and drop size listed in table I woro
obtained by the rotating—cylindor mothod., In jcing conditione 1 to &,
the liquid wotor celculations wore bhossd on photogropha of the
formations of ics collected on a stationary rod 0.5 contimotor In
diameter, which was oxposod. in the air stroom for periods of 1 minute.

A total of 232 observationg of liguild watsr contont ond moan-—
effective drop diamoter wore mede by the rotating—cylinder method
during icing conditions 5 tc 42, inclusive. As thogse arc the most
reliable measuremontvs available from thisg investigotion, they heveo
boen used as the basis for o study of the relaticn of icing condi-
tlong to cloud forms. For the purposge of this study, cloud forme .
have boon divided into two goneral types: "layor clouds" and
"curlus clouds,” as dofined herelnafter.  Tho pairs of correspond—
ing valuves of licuid woter centent ond mean—cffective drop dilamctor
heve beon 4ivided into four groups correaponding to the following
conditicns: (1) layer clouds without ice particles, (2) layer clouds
with icc particles, (3} cumwlus clouds without ice particlos, ond
(4) cuwulus clouds with ice particles., Thowe data have boom plotted
in several woys in order toc study any relationships which meoy exist
betwoen the vorlous gquantitics.

In Tigure 5, values of liguid watcr content have beun ploticd
cgainst nean-effcctive drop diamctor; figures 6 and 7 prosont liquid
wator content and drop size vorsus prossure altituda; snd Tigurs €

eznd 9 show ligquid woter contont and drop size versus torporcbure.

Normonts on the Dato in Table I

Icing conditicng 2 and 3, table I, which woere observed on tho
same dey over the same ares, illustroto the effect.of the chango of
air-mass characteristics and flow patterns accompenying the pasange
of a cold front. The extonsive profrontal cloud formetion of icing

condition 2 was composed almost cntiroly of icc particles and
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produced cnly e trace of idcing, vhile the scattered cumulus clouds
in the ungiable postfromtel alr mass of icing condition 3 conteined

as much as 1.4 grams of liguid water per cubic meter which caused
very rapid ice formetion,

Icing contions 26 and 31, which occurred in upslope stratus
clouwds over southorn Wyoning, are examples of continuous icing
conditions covering a lsrgs area in which flight of considerable
durction night be required. The liguid water conmtent in these
conditions avoraged about 0.3 and 0.4 grom per cubic meter, respoc—
tively during a pericd of over 2 hours in oach case. '

Tcing condition 28 is noteworthy becouse of the high altitude
end low tomporsture. The grectest liguld water content measured
on this flight was 1.1l gromg per éublc moter, which occurred at a
prossure altitudc of 17,000 feet and .2 tomporaturs of -3° F. Low—
temperature icing conditions of this kind give risc to the most
gorious icing of propellers, cince tho effect of kinetic heating is
Insufficient to prevent the formation of ice, even at the high
speed of the blade tips. Severe propeller ice was also obsorvod

in icing comdition 11, during which the liguid waler contont reached

=0

0.5 gron por cublc meter at a temporaturs of ~6° F.

The largest value of moan—effective drop diamcter, 50 microns,
wag measured in ilcing comdition 3k, Although the corrcsponding
-water content was quite low, 0.15 gram per cubic nmeter, this condi~
tion caused servere ilcing on the C-U6 windshicld, which, because
of its flush coafirufation, is not susceptible. t¢ lcing oxcept
when lerge drops are-present. :

The highest value of liguid water contont encounterced during
the season was measured in icing condition 39. This occurred
in a large cumulus congestus clond just o8 the transformation to
cunulonimbug begen. The repidly changing conditlions observed in
this cloud arc shown in table IT =2nd discussed in detail later in
thiz roport.

The Clessificetion of Icing Clouds

An examinction of the date in teble I reveals that oll thoe
lcing conditions with values of liguid water contont of 0.8 grom
per cubic moter or more occurred in cumumlus clouds. For this
regson it is convenient in the study of icing conditions to divide
cloud forms™ into two goneral clasgsos. :
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Layer clouds.—~ Stretus, strotocuwrmlus, ond altocurmlus have
been grouped togethor since they cre all limited in vertical extent.
At temperatures helow freczing, continuwous cloud loyers composcd of
liguid drops are rarely more than 2000 to 3000 feot thick.
Altostratus and nimbostratus have also been included as loyor clouds.
Although altostratus are sometimes several thousand feot in vertical
extont, they are genorally, during winter, composed almost cntirely.
of ice crystals oXcept Tor occasional thin layers aond snnll patches
contalning water drops.

Cumulug clouds.-- Cumulus humilis, cumulusg congestus, cumnlonirbus,
snd altocurnlug castellatus are included in this catogory. Clouds
of this type arc formed by the ascent of individual parcels of air
relative to the air mass &8 a whole. They freguently greatly cxccod
the loyor—type clouds in vertical extent. The individual cloud
magses are generally rather limited in horizontal extent and coprisc
only 2 ninor fraction of the total alr moos.

DISCUSSION
Tha Problem of Forecasting Icing Conditions

In the discussion which follows of the problen of forecasting
icing conditions, this particular problen will be dofined ia relction
To the general problen of weathesr forecasting. Weother Burecoun
definitions now in use of degreces of iclng intensity will then be
intorpreted in toxms of the fumdamental physical quantitics, liqguid
woter contont,and drop dlameton end not in temmas of the accumulation
of ice on alrcraft, inecaruch as ice accunulations would very widely
for identical icing conditions, being dependent upon the type of
aircraft and the nature of the ice-protection equipment. The factors
determining the liguid weter content of clouds will be considerod
next, followed by an cxamination of the problens relating to drop
size. The recuvlits of theory end observation will thon be sumardized
in the form of & series of tentative rules for estimsting the
Intensity of icing conditions.

Formulatlion of the problen.— The problem of forecesting the
occurrence and intenseity of icing conditions is but o small part
of the general problem cf weether forecasting. For soveral ycars,
moteorological end air—transport organizations have regularly
preparcd forecaste of woallier conditicns including the location,
type, altitude, ond extont of cloud massos ond the occurronce and
type of precipiitation. The prepsration cof such foreczsts is generally
regairded a8 one of the most important probleng of practical
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meteorolegy and a great ds“l cf effert has boen and is being directed
toward the .nnruv sent and refinement of the techniques of fore—
casbin

For the purposes of this discussion of the problen of fore—
casting icing intensity, it will be assumed that satisfooctory foro-
casts of the type, locatlon, thickness, altitude and termporeture of
cloud nasses, and the occurronce and type of precipitation can be

12de. It is realized fully that this cssumption is frequently not
valid. It is made here in owder to scoparate the problems peculiar
to forccagting icing intenslty from the genceral problem of weather
forecasting. In other wordas, the problen to be treoated hers is that
of cstimating the icing intonsity to be expected within a cloud of
known type, dimensions, and toupernture. If this can be done
satisgfactorily, & forecast of icing intensity can be de”LVGQ from
“any good forescast of weathor end cloud conditions. Moreover, pregard-
less of whethor satisfactory forecasts of cloud conditions can be
nade, reliable estimates of the icing intensity proseat in the
currently observed and reported cloud conditions may be of consider—
able value.

The definitlon of jcing intensity — It is now generally recog—
nized that the principal foctors determining the intensity of an
lcing condition are the concentratiocn of supcrcooled liquid water
and tho dilemeter of the drops. In addition, when therhal methods
of de~icing are considercd, the alr tompsraturs and the amount of
snovw in the.air have. an important effect upon the heéat requirements.
Icing intensities have been defindd by the U,S. Weather Bureau for
“reports from nountain stations in terms of the rate of collection,
at 200 niles per hour on a 3-inch~diameter circulayr cylinder,
expressed in grams per hour per square centimeter of projectod arvea.
(See reforenss 12.) The defhnltlons are as Tollows:

Trace of ice . . .. O 4o 1.0 gram per square centimeter hour

ight ico e « « < . 1.0 to 6.0 grans per square centimeter hour
Moderete ice . . . . 6.0 to.12.0 grams per sguare centimeter hour
Heavy ice . .-, . . 12.0 and over grams per square centimeter hour

The values of collection efflclency of cylwnders given in
referonce 11 have been used to oxpross the IOf@gOlng definitions of
lcing Intensity in terms of liquid woater content nd uniform drop
diametor at 10,000 feet pressuroc altitude and 15° . The results
are shown by tho curvos in figure 5. "The effects of variations in
pressurc altitude and temperature are small and will be neglected.
It should be noted that the curves defining icing intensity are .
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based upon the assumption of wmiform érop size, while the chsgorve—

ional data, indicated by the plotioed points in figure 5, are oxXyresscd
in terms of mean—sffective dicmeter. An oxaminetion of thoe datn
presented in reference 11 for various distributions of drop diameter
reveals that, for tho case of 2 3--inch-diametor cylindor at 200 miles
per hour end veluos of mecan~effoctive drop diemster usuclly found in
cloude, tho differeonces in catch officiency duo to variztions in
drop~-sizo distribution are small,

In the following discussicn of the problem of estimating icing
intensity, the factors deotermining the concentration of liquid wator
in clouds will be considered first and then the effcct of érop size
will be oxomined,

Weter content of cicuds compesed entirely of liguid drows.— For
the purposo of the atudy of the liguid waicr com*ocnt of clouds, it
ls convoniont to divide liquid cleowds ints two gonorrl classos
according to tho procosses of thoir Tormaticn, namely: (1) clouds
formed by turbulonce and convoction in sir thet ile genorally in
unstoble or neutral eguilibrium, «nd (2) clouds formed by tlo lift—
_ting of large stablo air moasscs by conversgence or orographic or
frontal action. It should be noted that porticns of stable alr
massos may occasionally become unstable due to lifting, thus giving
rise to the production of clocuds of clase (1) by loccl convection
and turbulence,

The first class, which includes cumulus, strotocumulus and
most types of altocumulus and astratus fu charactsriscd by epproxi-
mately moist adiabatic lapse rate and neerly conatant rotio of alr
to total wetor (liquid plus vapor) within 2 sinsle cloud mass or
layor as long 8 no procipitaticn occurs, Tac principles which
determine the concentration of liguld water in clouds of this typo
may best be JIllustratod by the cnso of o simple convective cumulus
clovd. Consider a parcol of air which is lifted ~dicbatically from
the surface to an altitude of several +thousand fo3t. For *he purposc
of thies discussion it will be sgsumed that conditions in the air mass
erc sultable for the convection to take place, Supposs the mixing
ratio at the surface is xt grams of water vapor por kilcgram of dry
alr, Waen the ascending parcecl rcaches tho temperotvre and pressure
ot vhich x¢ 1s the szturation mixing retio, condenzation takes place.
As long oa the cloud is ccmpesed cntirely of liguid drops, thusc arc
almest always so smell thet thelr velccity of Tzll is nogligibla
compared to the turbulent motions in convective clouds. Hence the
drops are carried along with the alr parcel in which they originated,
thereby keeping tho totol weater content, ligulid plus vapor, por unit
mass of zir constant and equal to X, the Initiel mizing ratio, At
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any point within the cloud mass where the gaturation mixing ratio is
Xg, Tthe liguid water contont W; 1s given by

Wi = (xx - xg) p

where o is the dry-air density, TIf xy and Xg are eXpressed in
grams per kilogram end p is in kilograms per cubic neter, Wi is
given in grame per cubic meter.

An example of this type of cloud formation was observed in the
vicinity of Cheyenne, Wyc., on Apr. 9, 1946 (icing condition 28, table I)
" when a cumulus cloud which reached an altitude of 20,000 feet was
investigated. Most of the cloud had turned to snow but one portion at
about 17,000 feet pressure altitude was found to be composed almost
entirely of liquid water. Measurements within this portion of the
cloud indicated a liquid water content of 1.1 grams per cubic meter
at a temperature of ~3° F. A comparison of the filight data with the
theory of adigbatic lifting indicated close agreement. In figure 10,
the temperature—pressure curve from observations in clear air outside
the cloud is shown as a so0lid lime. The dotted line represents the
probable history of the ascending parcel forming the cloud. The
observation within the liquid portion of the cloud is shown as a
circle. The surface dew point as reporied from Cheyenne was 210° F,
which corresponds to a mixing ratio of 3.0 grams per kilogram. The
saturation mixing ratio (with respect.to liguid water) at 17,000
feet pressure altitude and -3° F is 1.5 grams per kilogram and the
air density is 0,72 kilogram per cubic meter. Using the equation
derived above, the liquid water content is

W; = (3.0 - 1.5) 0.72 = 1.08 grams per cubic meter

This close agreement with the measured value, though partly
fortuitous, is a fairly good indication that the water content of
that portion of the cloud had not been appreciebly depleted by
mixing or precipitation although the convection extended to a high
altitude and very low temperature.

The method just described for calculating the liguid water
content of cumulus clouds may be applied alsco to stratus and strato—
cumulus clouds when these are formed by active mixing within the
surface turbulence layer, since such mixing tends +o produce a
condition of constant total water mixing ratlo and adiabatic lapse
rate. Clouds of this kind have been discussed in reference 6 which
includes curves giving the liquid water content in terms of the
cloud~base temperature and the height above the cloud base for clouds
formed adiabatically by convection or turbuleunce. Observations made
during the 1945-46 season indicate that the observed values of water
content reported in reference & Were somewhat too high, since they
were obtained by the dew-point method and are subject to sampling
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rrors. It now cppoars thot In clovde cumposed ¢ i
lmcﬁlqmawﬁwcmwmumLMMVQw'mem is o
lifting from the clovd base is a practical upper limit wﬁ-cb is
unlikely to be significontly exceeded. The actual cbsorved concentra~
tion'of liquid water is. generally swumewhat lower then i¢ calculated
valuc. In loyer clouds this difference is believed . be duc to
incomplote mixing of the moist air within the turbulsnt loyer and
some mixing dowvnward of dry air from above, whilc in cumulus cluuds
it is probably due to mixing with the dry air through which ths cloud

ig riging.

The seccond class of clouds proviously montioneod, thozo whish nre
formod by the lifting of stoble alr massss, includos altostratusz,
some types of altccumulus (such as lenticularious) and "upslopo”
stratugs. In this coso thore is no aimplo metheod of catimating the
liquid water content, since it doponds largely upon the initial
humidity distribution. Also, duo to the lack of turbulence in clounds
of this type, the wvelocity of =1l of thu drops with rospoct to the
air may at times have a significant offect upon the water content.

Nearly all of tho altostratus olouwd systems envounterod during
this iavestigation wore composed elmost entivol,; of ico crysisls, Tho
only oxception being icing condition 3k, tableo I. It is belicvod
that though altostratus clouds composed of liguid d“fps are infregquont
in northern Thited States during winter, they might be sncountered more
froguently undoy warmer conditions. The valwnes of liguid water
content obsorved In jcing condition 34 wore gonsrelly lzss than would
usually be sncountercd in stratocumulus -louds of the samo teamporatwroe
and vertical oxitont.

The limited oxporience chtainsd in the lavestigation of two
ceses of upslope stratus (icing conditions 26 2md 31, tablo I)
suggests that the water content of such clowds is much lese then
would be dorived fryom the assumptLon of adigbntic lifting from the
clovdé~base level.

Due to the very limited amount of data avalleble Tor sitvations
of this typc, it is not possidble to stete conclusively at this time
vhether values of liquid water content groetur than those basvd on
adiabatic lifting might not sometimes bo encountored in clouds formod
by the forced ascont of stable alr masses. It'is belisved, howavor,
on the basis of such observations as havo booen umcde, tiat tho values

¢ liquid water comtont calculated on the basis of adianbetis 1ifting
frum the cloud hose represent a practical upper limit whick is
unlikely to be sirmificantly excooded in clouds of any type. at
tomyeratures bolow fircezing.
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The liguid water conbent of clouds ﬂonﬁamin snowflakeg.- The
genﬂ'al problem of the coexistenns of liquld wator drops and ico
crvetals in cloude lias been trealed in reference 9. It has teon
ghown that liquid wator drops of the size usually found in clouds
evaporate very gquickly in an atmosphere saturated with respzct to
ice at below freezing temmsratures. Similarly, ico owyrsiale grow
rapidly in an atmosphere satrated with respect to liquid drops.

A mixtuwre of ice crystals and liquid wator drops velow 3() P ls
thus a very unstable condition and nust be regarded in goneral asg
only & transisnt stage in the evolublon of cloud forug.

In this c.:.svusrsjon, the terms ™ice cuystals,"” "snowilakes,"

and "precipitation” ars used interchauseably. This is Juctifiable
gince any ice crystals large enough tc be obrerved as dlscrate
particles from sn airplene in flight ere many timss larger then
cloud drops and thue have en appreciable vatu of fall although
they may svaporabe hefore reaching th. gr'ound.. :

Three cases of in'hera.ctmn of snow a.nd ligquid water should be
recognized. First, the condition within a lever clouvd composed
- mainly of liguid drops vhen scat’cere.d snowflalkes ave present; second,
conditions necessary for the existence -of liguil drops with a high
concentration of snowflekes; end third, the sudden transfommation
of a cumulug cloud into cumilonimbus which occwrs when ice particles
form in the upper portions,

In the first case, the snowllakes may form within the cloud
layer or mey Tall into it from above. The depletion of liquld water
cavged by the formation of snowflakes within a cloud layer has
been discussed in reference 6. When snowflales Tall from above
into a liquid water cloud, as for exauwple when & precipitating
altostratus cloud overlies a gtratocwmlus layer comoosed of water
drops, the rate of depletion of liguid watsr dspends chlefly upon
the concentration of snowllakes. With tho rates of snowlall which
usually occur from the altostratus clouds agsociated with low-
pressure areas, the drying wp of a stratocumwlueg layer proceeds
quite rapidly.

The second case mentioned previously, the situation in whilch
many snowflakes are presont, has been treated in reference T, in
which it is shown that sitebls, precipitating, wmrm-front-type cloud
systems do not, in general, contain liguid water drops at below-
freezing temporatures cxcept in the imsdiate vicinity of the
freezing level,. Ixperience during the 1945-46 season indicates
that the discussion given theresin applies in general 1o the
altostretug~ninbostratns cloud system assoclated with cyclonic storms
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even thoubh the frontal shtructurs may be confused and indefinite.

In the third ceseo, tho formaticn of ice crystals within a cumulus
cloud mey result in a very rapid depletion of the liquid water content.
An exemple of this proceoss. was observed (icing condition 39, table T)
When a large well-developed cumulus cloud was investigated by means
of cbaervations during four successive runs through the cloud. A
record of thesc observations is given in teble II.

Ag the cloud was approached for the first run, it had the

appearance of a typical cumulus congestus cloud without any visidble
softening of outlines in the upper portions. Since scattercd
snow, gollste wore obscrved during the first rum in the cloud, it is
belioved that precipitation had Just begun at that time. During the
succeeding 18 minutes, the liquid water contont within the cloud
diminished from 1.9 4o 0.2 grams por cubic meter ss & result of the .
suddon formaticn and ~ap1d growth of solid p~c,_p1tut10n particles. )

ter the last run, the clovud was cbserved t3 have the Torm and
sppoarance of o typical cumulonimbus with a definite anvil top end -
soft outlines throughout the uppsr part. Unfortunctely, the cbserva— '
tions recorded in teblc II were not all made at tho samc sltitude,
hence part of the observed variation in cloud compositicn may have
been due to difforonces of altitnde. HNeveritheless, the complete chenge -
in appearance of the cloud during the period of the observaticns
supports the Intorprctation given hore that the observed changes were
real changos with time of the characteristica of the ontire uppor
portion of tho cloud. ‘ :

The dynamic cffects of such a rapid trensformation from cumulus
congestus to cumilonimbusg are worthy of note. 'The temperature rise
causced by the liberated heat of fusion combines with the simultaneous
removal of water by pweclpltatWOn t0 produce c suddon Cocresse i
denslty of the cloud mass, which 'In the case undsr discussicn was
calculated to be about 0.4 percent. This effect may help to account
for the violent conditions often observed in cumulonimbus clouds,

A deteiled treatment of the dynamics and theyrmodynamics of cumulo—
nimbus clouds 1s contained in reference 13.

Observational checks of water—content theory.— The observotions
nade during the winter of l9h5~46 cannot be usod ¢ diroctly to check -
the forcgoing theories conce“nin¢ liquid water content, since the
altitude of tho cloud base was usually unknown during thic measure— _
ments. Certoin deductions from the thecry can be checked against | .
the deta, however. For example, since layer clouds are gencrally
limited in depth to 2000 or 3000 feet, while cumulus clouds mey
have ¢ much groater vertical extent, the liguid water content
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observed in layesr clouds would he cxpected to have a definite upper
limit, while muchk higher values would be cbserved in cumulus clouds,
The effect of preciplfatitm in lowering the liguid water contont
would be expectod to increaze the Tfroguency of low valuse and lower
the maximum liquid water content for bhoth types of clouds,

Figure 11, which is bms 3@ on the data of figure 5, showa the
frequency of occurrence of various values cf iligquid wator concentra-
tion for cumulus clouds and layer clouds, with and without precipita-—
tion, The doductions given above are verified except for the rathor
high frequency of large amounts of liquid water in cumulus clouds
with precipitation. This is probebly due to the foct that as cumulus
clouds become taller they arc more likely to contain precipitation;
hence on tho averago the thavrvaetions in cumuli with precipitation
were mede in larger and mora fully deoveloped c¢ouds.

In conclusion, the principles digcusscd abOVQ which detormine
the liguid water content. in clouds provide o moans of estimating,
with roasonecble accuracy, the maximum liguid water contont o be
sxpected in the subfreezing portiocn of a cloud system of known
type, dimensions, and temperature

The problem of drop size.~ In order to express an estimate of
maximum liquid water content in terms of icing intenaity, it is
necessary to consider the problem of estimating the drop diamster
and its effsct upon the intensity of icing

The date presented in figures 5, 7, and 9 have been examined

to determine what relationship, if any, exists between the mean—
effective drop diameter nd the liquid weter comtent, cloud type,
temperature, and altitude, The most obvious characteristic of all

of these diagrams. is the lack of any clsar—cut patterns which would
indicats reliable correlations awmong the various gquantities., Some
importent informatiocn can be cbtained from these data, however,
especlally on the relationship between cloud type and the range of
values of liguid water content and mean-effective diameter., An
examination of the data presented in figure 5 discloges a relation
between water content and the cbssrved range of values of mean—
effective dlameter, For values of liquid water content below 0.2
gram per cubic meter, the range of mean-efifective drop diameter
is from 5 microns or less to 45 microns or more for both cloud types.
As the water comtent increases, the range of drop dlameter decreases
for both types. Of a total of 32 cbservaticns Iin cumulus clouds
containing 0.7 or more grams of liquid water per cubic meter, all
the values of msan-effective drop diameter were included in the range
from 10 to 23 microns, OFf a total of 30 measurements in layer clouds

ith a water content of O.4 gram per cublc meter or more, all have
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nean- effective dlametors in the range froem 9 to 20 microms. It is
2ls0o noted thet the value of mnoan-eoffective diameter correspomding
to tho highest liquid water contont is 17 microns for cumulus clouds
and 1l micronc for layor clouds.

The dobtorminaticn of icing intensity from cloud type ond estinatcd

liguid watexr conte“u.- Since it is not possible, on tho basis of
resent knowlodge, to ostimate the drop size o bz expocted in o

cloud, end since fairly good estinates of rnaxirmm liquid wrder comtont
cen be madoe, the guestiom arisges asz to vwhether vensonoble ostimotos
of moxirwm icing intensity are poszible. If such cstinotes are to bo
nado they must be based upon liguid wailscr content end ciocud type =lonoc.
It 1o proposod, thorefors, in the sbsence of more complote Lhuxlcdge
of drop sizos,; to solect = volue of drup dismotor to bo cssligned o
each zmojor cloud type, and to estinate the icing intensity om the
hasis of this arbitrary disncter a.d the vxpected liguid wator content.
Values of assumed diameter of 14 and 17 mlcrons have been chosern Fur
leyor clonds and cumuluzm clouds, respeetively. Thode values wore
chosen on the basis of a careful exsmination of the date uf Tigure 5,
consideration being given to ihe fact that an estimate of highor thaa
actual lcing intonsity is leas obJocticnable from a forscasting stord—
point than toc nild an cstinmate,

|.n

This choice cf assumeé values of drop size deltertiines the rongo
of valueos of liguid woter comtent to be agsoclated with sach degroo
of lcing intensity as indicated by the curves in figuré 5. In ctaer
words, this procedure amounts to sotiing vp ar altornate scale of
icing intensity bazoed upon liguid wotber content alono ond differing
slightly for the two classes of e¢louds. In ordor to check the dogroe
of agrcenent betwoen these alternate scales and the sealo deiincd by
the curves in figure 5 oveor the chsorvoed r% wge of liguid wator contont
and dxopn size, the chservetionsl date of figure 5 have bron nrrengsd
in the following table:
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Nuriber of observed cases of
Range of _ ;cing of va%ipus intonsitios
Cloud type | watber Alternate scale of Weatheor burcau scale
content icing intongity of icing intensity
(dotornined by , ;
assued dianeter) |Trace;Light; Moderate;Heavy
giﬁi&s 0-0.11 Trace . 3 | b 0 0
BB UrIod 0.12-0.68 Light J15 0 T2 1 o
O 0.69-1.33 Moderate 0 ! 0 0 0
Glanetor, | oo 733 Hoav o | o 0 0
14 nicrons ’ vy
oW 10 - 0.07 | ¢ Traco » 1] o 0
sssuod | 0:08-0.k91  Light 7T 135 3 0
. 0.50~1.00 Moderate 1 15 23 3
dlanetex, over 1.00 Heav; 0 0 2 12
17 microns.‘ ' vy

The data in the table show that out of 232 cases the two sceles
agree for 180 cases (78 percent), and that the altermate dofinition
indicates & highor icing intensity in 40 cases (17 percent) and
lowor intensity in 12 cases {5 percent).

It should be noted that the data of figure 5 which were used to
choogse the assumed values of drop size were also used to verify the
validity of the results. If these data do not constitute a representa—
tive sample, the degrec ¢f agreenent indicated will not be attained
in general. :

It is fully remlized that more accurate and dependable estimates
of the inbensity of icing conditions could be mode if the drop size
could he predicted, end therefore that the develcpment of methods
of predicting drop sizes is desirable. Until such methods are
discovored, however, the method proposed herein for ecstimeting icing
intensity on the basis of an intensity scale based on arbitrarily
assuned values of drop size offers to metoorologists a practical and
fairly rolioble nocans of dealing with the problem of forecasting the
intensity of icing conditions.

Thoe foregoing discussion has been based on the scale of icing
intengity defined by the Weather Bureau in reference 12. This type
of dofinition is probably as good as can be devised as a scalo To be
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used for genmeral purposes in the dispatching of aircraft and reporting
of conditions encountered in ordinary oporations. It is bolieved,
however, that the average pilot's or meteorologistfs concept of
"roderate" or "heavy" icing ig considersbly milder than indicated by
this scalo. In fact, this scale would probably be in better agrec—
nont with the average pilot's estimate of icing intensity if the

torne "trace," "light," "noderate,” and "heavy" wore replaced by
"light," "noderate," "heevy," and "very heavy," rospectively.

Wo simple scale of light, moderate, ond heavy lcing is adequate
for ongineering purposes. Valuea of liquid weter content, nean~effoc—
tive drop dismeter, maximum drop diameter, and temperature uust all
bo tekon into account if an icing condition 1s to bo adequately
described from an engincering standpoint

Some tontative rules for esbimating the intensity of icing
conditions.— The foregoing dlscussion suggesis several rules fur estl-
nating icing intensity. Although these genoralizations arc based on
e linited number of moasurements which may not have becn represente—
tive of all conditions, they are gupported by a considerchle ancunt
of qualatative observationsel experience and have a sound physicel
basis. Morcovor, the observations werc nmede over a large geographical
aroa including wide variations in climete and topography, and includod
invesbigations of conditions in a wido variety of synoptic situctions

The dopondonce of icing intensity upon cloud type and the pres—
onco or absence of precipitation is illustrated by figure 128, which
shows the percentoge of obscrvation of cach degrec of icing intenaity
for layer clouds and curmulus clouds, with and without precipitation.
It should be pointed out in connection with figuro 12, that the date
prosented therein, like all tho data in this report, aro likely to be
biased by the inclusion of an unduly high porcentage of observotions
in the more severe conditions. This is tho result of the practice,
which was followed throughout the flight progran, of attompting bo
fly at all tines in the nost severc icing conditions available
and remeining in such conditions az long os practicable. Ancther
practico, which gives a sinilor bias to the data, was the habit of
making thce observations nore frequently in the hoavier lecing conditions.

The relationships apporent in figure 12 cnd the gencral prin-
ciplos detormining the liguid water content of clouds have beon used
to formulate the followlng tontative »ules for estimating the inton—
sity of icing conditions accurding to the intensity scale given in
reference 12:
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1.  In layer clouds with precipitation, icing intensities
greater than a trace are unlikely except near the edges of the
precipitation arsas or where the precipitation is very light or

has Just begun.

2. In clcuds formed by convectlon or turbulence the icing
intensity usually varies with temperature and height above the cloud
base as indicated by the theory for adiabatic lifting, but the actual
water content is usually less than the calculated valus.

3. In layer clouds without precipitation, icing conditions are
ugually light but are occasionally mocderate near the tops of thick
layers. :

L, Moderate and heavy icing conditions usually occur only in
cumulus clouds, but conditions 'in the upper portions of unusually
thick stratus or stratocumulus layers occasionally reach moderate
intensity. : oo

5. Icing conditions in.cumulus clouds are highly variasble and
in the upper portions of tall clouds may be very severe.

6. During winter, heavy icing conditions ere not likely %o
be encountersd continuously for more than 2 to 3 minutes.

The Problem of Defining the Physical Characteristics of Icing
Condlitions for the Purpose of the Design
of Ice~Protection Equipment

The second major problem in thilg investigation is that of
defining the significant properties of the most severe lcing condi—~
tions likely to be encountered in the course of all-weather transport
operations in a given area during a particular season. The following
remarks refer to conditions in the northern half of the United States
during winter except when other areas or geasonsg are specifically
mentioned., as for eoxample in the discussion of gummer cumulus clouds,

Maximum icing conditions in cumulus clouds.— It is seen by
reference to Tigure 5 that the heaviegt icing conditicns observed
in cumulus clouds are much more severe than any experienced in layer
clouvds. It follows thercfore that the heaviest possible icing condi-
tion, chosen without regard to its extent or duration, may be esxpected
to occur in cumulus clouds., As mentioned in the preceding scctiom,
the maximum liquid water content within the subfreezing portion of a
cumulus cloud may be determined by calculating the free water produced
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by adiabatically lifting a mass of air from the cloud-base lovel.

The observatvions of icing conditions reported herein wore all mads T
during winter and spring in situations Iin which the temporaturs at

the base of the clouds was near freezing or lower and in which the

vertical extent of the cloud development did not often exceed 6000

or 8000 feet. If those conditions are taken as represcntative for

the icing season in northern United States, it would eppoear reason—

able to accept a cloud-base temporature of 32° F and vertical extont

of 8000 feet as representing the maximum cumulus icing condition

liksly to occur with appreciable frequency in northern United Statos

during winter. Under these conditions, the calculated maximum liquid

water concentraticn is 2.5 grams per cublc meter and the correospond—

ing temperature is approximatoly 0° F. The corresponding valus of
mean-cffective dlameter was estimated frum the data in figure 5. It

was noted that the seven observations of mcore then 1.2 grams per cvbic

meter water content all had mean—effective drcp diameters in the

relatively nexrrow range from 17 to 23 microns., The average of theso
observations, 20 microns, was chosen as the probable value of mean—
effective diamcter corrosponding to a maximum weter contant of 2.5 :
grema per cubic meter at a temperature of O° P,

It should be recognized that the foregoing maximum icing Sondi— ‘
tion was derived from an assumed cloud—base temperature of 327 F, If
warmey weather conditions are coneldered, the maximum icing condition
increases considerably. As an sexample, the conditions in the upper
portion of a tall summer cumulus cloud will be calculated. Surfuce
conditions are assumed as follows: pressure altitude, 400 feet,
temperature, 90° F; dew point, 75° F; mixing ratio, 19.0 grams of
water vapor per kilogram of dry air, If this surface alr is 1lifted
adiabatically, condensation occurs at 3600 feet pressure altitude and
71.5° F. Suppose the cloud extends. to 23,000 feet pressure altitude
Just before precipitation begins. The condition at 22,000 feet
would be as follcws: <Yemperature, 22,5° ¥; liquid water content, 7.6
giams per cubic meter. Thls represents an extremely severe icing
condition; in fact, if the water content were reduced by 5C vercent
due to precipitation and mixing, it would still be an extremely severe
condition. There is reason to believe that such conditions occur
frequently in warm, mcist climetes where convective showers are common
ag along the Gulf Coast in summer. The severe icing comditions, how—
ever, are sharply limited both in space and time, and therefore would
very rarely be encountered unless deliberately sought.

. In comection with the problem of defining the maximum icing
condition in which an ice—prevention system should be expected o
provide protection, 1t is necessary to define the most severs icing
condition likely %tc be met with a given airplans rather then the most
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severe icing condition which can ever occur. This presente & problen
sinmilar to that involved in the design of airplans structures to
resist turbulence. For exemple, it:.id not ccnsldered necessary to
design airplanes to withstend the conditions occurring in tornados,
and yet such storms are by no means rave :in the United States. The
heaviest icing conditions, though nuch larger then tornados, are still
quite limited both in extent-and duration and are parts of cloud
systems which ordinerily can easily be “bcognlzod and avoided by
experienced pilots. Thus, while there is recson to believe that the
concentration of superccoled water near the tops of curmlus clouds
nay occasgionally reach 2.5 grams per cubic meter in winter in the
‘Pacific Northwest and € or 7 groms per cubic neter in suwrmer noar

the Gulf Coasgt, it 1s estimated that the highest value likely to be
‘encountered in the course of all-westher transpori operations in

the United States 1s about 2.0 grams per cubic mster. Tho corre—
sponding ostinated values of nean effective drop diamcter and temper-—
ature are 20 microns and 0° F. The nost probeble duration of flight
(at 160 mph) in this condition, if it is encountered, is estinated

10 be about 1 ninute, and the maximun dvrat¢on a llt tle less than

2 minutes, as w1ll bc shown below.

The relation between intensity and maxiwmu extent of icing
conditions.— Because of the facts that heavy icing conditions were
observed only in cwmlus clouds ond that cumlus clouds are always
rogther limited in horizontal exteont; a study of the data was made in

n effort to define a relation between the extont and intensity of
icing conditions. Unfortunately, data on the linsar dimcnsions of
the icing conditions were not obtained. The duration of flight in
continuous icing was thercfore used ag a measure of the extent of
the conditions although in several cases the airplane was flown back
and forth in a single cloud formation, thus giving rise to larger
duration than would have been required for a straight flight.

Figure 13 shows the relation between the duration of pericds of flight
in continuous icing conditions and the average liguid water content
during the poeriods. The plotted points ere for individually observed
ceges and the line represents the estimated relation between average
water contont and maxinum duration. It is fully relized that this
estimate is uncortain due to the linited omount of date upon which

it is based. It should be of some value, however, in indlcating in
at least a roughly gquantitative way the inverse rolationship which
exists between a gpocifiod icing condition and the probable dwration
of flight in that condition. In the application of these results to
the problen of evaluating the requirements for ice protection in all-
weather transport operations, it should be remenmbered that on the
research flights during which these data were collected, tho flight
path wag chosen with the object of nmeximizing the severity and




oD NACA TN No. 1393

duration of the icing conditions, waile in ordinary operationc the
flight path would be chosen to reduce or eliminate thie icing confi-
tions. For this reason it is believed that the line in flgure 13
represents a conservative estimate of the relation between the Intan-—
sity and maximum duration of icing conditions as they would be
encountered ir normal all-weather transport operations in the

United States. : '

+ ig noted that the line in figurs 13 indicatss a maximum
durstion of a littie less than 2 minutes for a liquid watesr content
of 2.0 grams per cubic meter. Since it is higkly unlikely that the
maximm duration will bs encountered on the rare occasions when the
highest water content occurs, the mcre probable veluc of 1 minute
was chosen to correspond with the maximm icing condition defined
above.

Maximum continuous icing conditions.— The resulis of the fore-
going discussion of -the extent of Icing confitions ag related to thoir
intensity suggest a noed to define the maximum ic ng condition likely
. to ocour cver a large enough avea to make it necessary to provide

for continuous operation in this condition. This condition will
exist in layer—type clouds since cumulus clouds are by thair nature
discontinucus, The maximum liguid water content cobserved in layer
clouds during this investigation wag-about 0.7 pram per cublc meter,
which is {he same as ths maximum reported from the Army Alr Forces

- Ice Research Baze ot Minneapolis, Minn. These facts and the data
in figure 13 on the relation botwoen liguid water content and dura—
tion of fiiaht in icing conditions suggest that a ressonable cstimate
of ths maximumn water content likely tc bo encountered for periods

of 20 minutcs or longer at a true airspecd of 160 miles per hour
would be epproximatelr 0.8 grem per cubic muter. Since this condi-
tion is expected to occur in layer clouds (stratocumulus), &
reagonsble estinate of the concurrent values of temperature and
mear—offective drop diameter wae mede from an cxamination of the
data for layer clouds in figures 5 and 8. The values choscn wero
20° F end 15 microns, '

‘The possibility of more severe jcing conditions with lower
values of water content and larger drop sizses should not be overlooked.
A vessonable extrapolation of the date in figure 5 suggeets a condi-
tion of 0.5 gram por cubic motor at 3 mean-efféctive diameter of 25

s 3

microns as a dofinite poagibility in lsyer clouds.

Since the temperature, as well as the liquid waier ccntent, is
of primary importance in the design of thermel syatems for ice protec—
tion, the relation between temperaturo and maximum watcr contont for
continuous icing conditions should be determined. It has baon
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in cumulus clouds, very lovw temperatures may ococur with high valuss
of liquid water content. In the case of the more oXtensive icing
conditions in layer clouds, howaver, .a positive reletionship appears
to exist betwesen temperature and maximum. liquid waiser content.
Proposals to define this relationship have boen given In references
6 and 14, and are reprcduced in figure 8.

The curve from referenco 6 depicte conditions 3000 feet above
the base of a cloud formed by adiabatic processcs. Subseguent experi—
ence has shown that the valucs of wator conient indicated by this
curve arve much higher than ordinarily observed in laysr clouds.
Apparently -stratus and stratocumulus layers 2000 to 3000 feot thick
are not generally characterized by a constant total mixing ratio.
The data from reference 1% are based upon obsovvations made on
the sumit of M%t, Weshinglhon whers orogrephic factors have a very
marked cffect on the liquid water content.

The lowest cuyve in figure 8 indicates the relation between
maximum liguld water contont and temperature in layer clouds as
observed in this investigation. Sinco this curvo is based upon only
a small number of observations and since it hes no theoretical basis,
it ghould be used with caution. Bocause of the small amount of data
available for layer clouds at very low tempoeratures, it Is not
possible at this time to defins the maximum probable low—ismperaturs
continuous~icing condition. -

Typical icing conditions.— The conditions defined above as the
most severe likely to be cencountersd in all~woathor transport opera-—
tions will only rarely be cbserved. Conditions ordinarily met with
are much milder. It ls estimated that values of liquld wator content
as high as 0.3 gram per cubic meter in layer clouds and 0.8 grem per
cubic meter in cumulus c¢louds will be encountered with sulfficiont
regularity to be regerded as normal or typical icinz conditions. The
corrvesponding mean-cffective diametor is likely to be anywhore in the
range from & to 20 microns.

Tcing conditions with very larpe drops.— Another important aspect
of the problem of the dofinition of maximum icing conditions concerns
the largest drop diameters likely to be encountered and the probable
corresponding values of water contont. Examination of the data in
figure 5 indicates that in abcut 1l observation in 50 the mean—elffec—
tive diameter is over 35 microns.. This limited amount of date for
clouds with large moan-effcctive drop diameter indicates that the
water contont is likely to bs low, .25 gram per cublc moter or less.
It should be pointed out, howsever, that the data in figure 5 are in
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terns of nean-effective dlencter and that with certein tyyes of size
distribution, oppreciable asmounts of water nay he prescut in Tho

form of drops 35 microms or more in diameler cven though the man-—
effectivo diameter is as low as 20 nicrons. 1t would thorofors cppear
that small emounts, for exemple cbout C.1 granm per cubdic uetor, of
drops of 35 to 50 nmicrorvs dlametor should not bo regarded as exceptional.
Because of tho high collection efficioncy and wide erccs of inpingo—
tlent assoclated with the larger drops, the prescnce of even aiall
arounts of water in drops of 35 microns or levger dismeter has an
inportant effect upon the reguirements for thermal ice preventica.
More detalled date on drop—size dlstribution are very desireble fox
this reason.

Freoozing rein.—~ Since freezing rain hss not been obssrved in
the course of this investigation, no obsorvational data can be
presented. The subject should be mentionsd, however, iff cnly to
enphasize the fact that the gendral discussion of icing conditlons .
presented horein does not necesserily apnly to freezing rain.

The nmetoorological conditions ordinirily reguired for the Torma— .
tion of freezing rain are an inversicn, usually frouial, with tempeora- .
tures above freezing in tho wara air above ond below freezing In the
cold air below the inversicn. The tempcraturce renge of the occurrence
of freezing rain is rather snell, since the raindrops Ireczu acd . -
becorie slect at temperatures “nmiy e fow digrces below freczing., The
rate of precipitation in freczing rain is usually loss than (.l inch
per hour which correcsponds to a liguid water contont of sbout 2.2 gran -
por cubic neter. The drops are usucliy betweon 500 and 1000 ricrons
in dirmeotor which is lerge enough to glve substantially 10C—puraent
collection efficiency on all aireraft components. It should b noted
in passing that any cioud with drops larger then 35 or 40 microns in
diamctor is likely %o be orronsously roported by pilots as "frsozing
rain" hecause such lerge cloud drcplets, on striking the windzhleld,
prosent an appearance sinilsr to raindrops.

CONCLUSIONS

The following rules for estimating the intensity of lcing
conditions are based upon & study of f£flight measurcuents of iclng
conditions, supplemented by an anclysis of tho vhysical procosics
which are important in detcrmining the diatribution of liguid watcr
in clowds. They are expressed in torms of tho scele of icing intenality
used by the Weathor Burean in voporting icing conditions at nountain
stations.
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1. In layer clouds with precipitation, iring intensities
‘greater than a trace are unlikely except near the edges of the
precipitation area or where the vrecipitation is very light or
hasg Just begun. -

2. In clouds compcsed entirely of liquid drops the icing intewn-
sity usually varies with temperature and helght above the rloud base
as indicated by the theory for adisbatic Lifting, but the actual
water content is ordinarily less than the calculated value.

3. In layer clouds without precipitetion, lcing conditions are
usually light but are occasionally moderate wmear the tops of thick
layers,

-4, Moderate and heavy icing conditions usually cccur only in
cumulus clouds, but conditions in the wpper portions of unusually
thick stratus or stratocumulus layers ocrasionally reach moderate
intedsity.

5. Icing conditions in cumulus clouds are highly variable and
in the upper portions of tall clouds may be very severe.

6. During winter, heavy icing conditions are not likely to be
encountered continuously for more than 2 to I minutes.

Analysis of the available observational data supplemented by
considerations of the physical processes involved in the formation
of icing conditions has led to the following tentative estimates of
the most severe icing conditions likely to be encountered in the
course of all-weather transport opsrations in the United States:

Duration Liguid Average
Cloud type {at_160 mph) water content drop diameter Temperature
cumulus 1 minute 2.0 gm/m® 20 microns o° 7
gtratus or 20 minutes 3 o s o
stratocumulus or longer 0.8 5m/m 15 microns 20" F
stratus or 20 minutes 3 vk 0
stratocumulus or longer 0‘5 an/m 25 mlerons 20" F

Ames Aerconauticel Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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APPENDIX
Temperature Correction for Kinetic Heating

The true temperature of the undisturbed air was cbiainod bv
subtracting the following correction froa the observed temperaturc
when flying in clear air: '

2
177a/UT\
100 /

vhere AT 1s the correction in degrees Fehrenhclt, eand Up is

the true airspeed in miles per hour. The value of the constant

o must be determined experimentally for any particuler instella—
tlon. For full adiabatic compression at & stegnaitlon point o = 1.0;
for the particular iunstallation doscribed herein o = 0.93 £0,03.
This valuc was determined by making successive runs at varicus
speeds at a constant altitude over the same srea in approximately
bhomogeneous air.

When the air contains liquid water drops there is appsrsntly
no accepted theory for calculating the temperature riss. Hardy
assumed in reference 5 that the ratio of the temperstwro riac in
wet air to that In dry air is equal to the ratio of tho specific
heats of dry and wet air at constant prossure. The usc of the
ratio of the saturated and dry adicbatic lapse rates is recommendod
by the Army Alr Forces for use in corrocting wet bulb rcadings in
clear air -and both wet and dry bulb readings in "wet cloud." This
differs only slighitly from the ratio uscd by Herdy, the differonce
being due to a difforence between thno adiabatic and isoberic rates
of change of saturetion mixing retio with temperature.

In order to determine experimentally the ratio of the kinetlc
temperature risc in cloude to that in clear air, test runs were
made at various speeds in uniform stratus clouds et tumpbratu:os cf
15° to 25° F and 50° to 60° F. The tests at 15° to 25° F were
conducted in Minnescta during the winter of 1944-U5 with the C-L6
ailrplane. The thermometor uscd was of the mercury-in—glass typo
mounted with the bulb pOInt1ng dawnw1na and shiclded as shown
in figure 1k, The tests at 50° to 60° F wore conducted in stratus
clouds off shore neaxy San Francisco with a U.S. Nevy blimp and s«
P38 zirplane. A resistance thermomotor suspended on a cable bolow
the blinmp was used to meke a sounding throvgh the cloud layer just
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beforo and just alfter the high—-speed runs with the P-38. The
thermometer cn the P—28 was a resistance thermometer with the
sensitive eloment exposed in a mounting designed to obtain the
stagnation temperature. Tho results of these tests are presontod

in filgure 15 which also includes curves showing the ratio of the
gpecific heats of dry and wot alr at constant pressure and the ratio
of the wet and dry adiabstic lapse rates.

Since the adiabatic lapse~ratc ratic shows the best agrecment
with the observations, it has boon used in this investigation to
determine the kinetic heating correction for all obscrvations of
temperature within clouds. It was observed that very small amounis
of Iiquid weier are sufficiont.tc reduce the kinetic temperature
rigoe 1o approximately the moist adiabatic value, hence no attempd
has boen made 1o use irtormsdiste values of the correction for low
values of liquid water content. Since no measurements of ths
kinetic temperature rise have been made in clouds compesed of ico.
crystals, the corrections wers made in the same way as in clouds
composed of liguid drops. The error involved in this procsdure
is unkncwn but may reasonably be assumed to be less than the
difference betwecn the dry and wot corrections, whica difference,
at the temperature end spoeds preveiling in this investigetion,
was usvally between 1° ang 2° F, ' '

The validity of the correction Jjust described for kKinetic
heating in clouds does not dspend upon any assumptions regarding
the procesases of evaporation which may occur at or near the
thermometor. Tho use of the ratio of the adiabatic lapse rates
is Justified on purely empirical grounds, since the observed ratio
of wet to dry values of kinetic tempereture rise agreecs Talirly wsell
" with the lapse—rate ratlio over a wide range of temporature.

Measurcments by the Rotating~Cylinder Method

In the presont investigation, the rotating cylinder method was
used cssentially as described in referonce 8, gxcept that the
exposurc timo was gencrelly abcut 1 minute instead of 5 minwutos,
and the gverage diamniter of the icc formetion was dotermined by
calculation instead .of by actual measurement. The calculatlion was
based upon an assumed ice density of 0.8 gram per cubic contimeter.
With the small cmounts of lce collected during l-minute runs, this
method was calculated to give loss crror than dlrcct measurements
of diameter mede in flight. :
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Data on drop-size distribution in icing cliouds are usually
presonted In terms of a "volume" rather then 2 "number" distr bution,
since the amount of wabter Iin drops of a given size is of greater
importance than tho number of drops. Onc form of volume~distribution
curve is constructed by plotting, as e function of diamzter, the
percent of the totel liguid water content of the cloud which is
centained in drops smaller then that diameter. A distribution
curve of this type is prosented in figurs 16, This curve was
drawvn from date appearing in reference 8 which were obtained by
the sooted slide technique described thercin. On 2 distribution
curve of this type, the velums median dismeter is tho valus of
Glameter detormined by the point at which she curve crosses the
50-percent linc. The volums modian dlameter is thus defined by the
property that thero is ag much water in the drops lerger than tho
volumc median diameter as there iz in.drops smeller than the volume
medien diameter. In the example shown in figure 16, the volume
median diemeter is 11.9 microns.

The data presented in roference 11, showing the collection
officiency »f cylindera as a function cf X, a paremster Involving
drop diameter, are given for five assumed distribntions of drop size,
A, B, C, D, and E. Distributions A, B, and E are shown in figure 16
for a volume median diemoter of 12 microns. Distributions C and D
which are intermediatc between B and B are omitted for simpliclty.
The valvues of drop diameter obtained from rotating-cylinder obscrva—
ticns by ths method described in weference 1l are called meon—
offective dlametcr. The mean~effective diemeter is equal to the
volume median diamoter if the actual distribution is similar to the
agssumed distribution. It is not lmown how closely the assumed drop—
sizo distributions rosemblo the actual distributions found in
clouds, 8Since the limited amount of data aveilable from the four-
cylinder apparatus indicaited the presconce of distributions cocvoring
the entire range from A 40 E, the curves baged on distribution
C wore arbitrarily chosen to be used in reducing the data tzken
with the two~cylinder apparatus.

The errors involved in calculating the liguid water content
and mean-effective diametor from the two—cylinder deta have beon
sgtimated by considering the errors Inherent in measuring the
quantitioas used in the calculations. The rosults, which cre shown
in the following table, are based on a ligquid wotor content cof 0.5
gram per cubic moter and an average drop diametor of 10 microns.
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?5 B . . Resulting percent error (E)
! Estimated r -
{ Source of error .,  amount 3 Tator ’ Droyp '
. of error | . content dismeter i
i i (percemt) . (percent) :
; Weighing sample 3 ‘ -2
1/8-in. cylinder i 0.02 gram | 2.6 2 ,’
! Weighing sample f { . i
| 1-in. cylinder ' .03 gram | 1.0 : 1 :
. Assumed density . m i .
£ ice N 2
oL 4 : cm3 ‘ y
i i '
| Timing exposure i 1.5 sec f 2.4 0
f |
. True alrspeed 2% mph ; 1.5 0
L. ' i :
| Miscellaneous é i i
other srrors P - l 1.¢ ! 1
| Brror.due to using : E ! ;
"C" distribution ' i : |
curves for unknown é I up %o ; up to -;
distribution e l 3 : 3

| Total exrror i

Water content

Drop diameter

[P

) ! (percent) (pércent) :
i | i
; Maximum total error | ) !
i (ZE) 14 § 9 :
' i

! |

| Bstimated resultent o :

Lo — z

I error <,,/ s ) 5.7 | bk

' I

Ames Asronautical Laboratory,

National Advisory Committee for Aercnautics,
Moffett Field, Celif., June 23, 194T.
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3k _ NACA TN No. 1393

TABLE IX

OBSERVATIONS IN THE UPPER PORTION OF A LARGE CUMULUS CLOUD
DURING THE PERIOD IMMEDIATELY FOLLOWING THE ONSET OF PRECIPITATION
{Iring Condition 39, table I)

Tme Tempere—| Cre3sure Liguid watcr ].‘:'Iea.n effective-
(P.S.T.) ture alti?:ud.ea cor...tse.gt drop d.iame'ter
(°F) (ft) (@n/m®) (microns)
11:53% 5 10,400 1.9 17
11:54% L 10,800 1.k 19
11:58 3 11,000 1,0 20
12:0k 1 11,600 .8 22
12:05 0 11,600 .6 21
12:12 -2 12,500 .2 16
|

VATTONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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NACA
A-9913
o H-1-45

Figure 1.- Shielded free-air temperature
thermocouple installation on C-46 airplane.

Fig. 1



NACA TN No. 1393 : Fig. 2

itﬁ(i% “' ,: \ ’

IENERER

(a) Disassembled.

 <{ENEPPSEV)

(b) Assembled.

Figure 2.- Manually operated rotating cylinders,
two=cylinder assembly.



NACA TN No. 1393 Fig. 3

Figure 3.- Four-cylinder motor-driven rotating cylinder apparatus.



NACA TN No. 1393 Fig. 4

(b) Cylinder in extended position.

Figure 4.- Cylinder for measuring area of
drop impingement.
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Fig. 6 NACA TN No. 1393
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Fig. 7
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FIGURE 10.- DATA FROM THE INVESTIGATION OF A CUMULUS

CLOUD NEAR CHEYENNE, WYOMING ON APRIL 3, 1946.
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FIGURE 12,—- BELATIVE FREQUENCY OF VARIOUS DEGREES OF
ICING INTENSITY AS RELATED TO CLOUD FORM AND PRECIPITATION
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Figure 14.- Installation of mercury-in-glass
thermometer on C-46 airplane,
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RATIO OF WET TO DRYX ADIABATIC LAPSE RATES
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NATIONAL ADVISORY
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RATIO OF WET TO DRY KENETIC TEMPERATURE RISE
/
/
/
. /
/ |
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FIGURE I5.— RATIO OF WET TO DRY KENETIC TEMPERATURE
RISE AS OBTAINED FROM OBSERVATIONS IN STRATUS CLOUDS.
CURVES ARE FOR A PRESSURE ALTITUDE OF 2000 FEET WHICH
IS THE APPROXIMATE AVERAGE ALTITUDE OF THE OBSERVATIONS.
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Fig, 16
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